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ABSTRACT

Using a combination of analytical and numerical
methods an analysis is carried out on & microvave detector
of cyclotron type. Curves of signal current versus input
power are determined for grids with square oponirngs,

Several different grid sizes ars considered. Results are
given in normelized form 8o as to be applicable to a general
tube,

It 18 found that for low input powera ocutput signal
gurrent variss linsarly with input power. Changes in total
signal current of the order of ten per cent are indicated
for one tenth milliwatt input. An optimum grid sise is
indicated. Considering grids larger than the optimum, the
smaller grids are more sensitive but have saturated output
for lower input powers. Frequencies other than the natural
frequency of the tube are sharply discriminated against,
Electron transit time is quite important in determining tube

characteristiocs,
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\ Chapter I
INTRODUCTION

1 1.1 The Tube
A rectangular weve guide 1s used in the TE,, mode.

A wire mesh forms one edge. The wire mesh is backed

‘? up by the cathode. The opposite edge of the wave gulde
gg i3 a fine grid, whose openings are approximately 10 mils
ecross. Outsilde the wave guide beyond the grid is &
collector plate. The collector plete catches those
elactrons wnich are emitted from the cathode but not

captured by the grid. The entire tube is immersed in a

uniform magnetlc field whose dlrection is from cathode
t to collector plate. Tne wave gulde 1s operated et a D.C.
potential of one or two volte above the cethode and the

sollector 1s operated at a slightly higher potential.

PRSP

1.2 Operatlion of the Tube

The furiction of the tube is to detect the presence
of high fraquency electromagnetic waves. For the tube to
be consldered the frequency will be around 3000 megacycles.
Electrons leaving the cathods spiral around the magnet-
ic flux lines as they cross the guide. While the radius of
' the spirel depends upon tne sidewise component of velocity

of the electrons, the period of the revolution depends only

upon the strength of the magnetic field. 2y proper adjust-

ment of the magnetic flux density, then, this period may be
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made the same as the period of the wave which the tube is
designed to detect. If an electromagnetlic wave i1s present
in the wave guide while electrons are crossing, there will
be interaction between the electrons and thls wave.

fuppose thia inleractlon should vause a net change in
raedius of theelactrons. It seems rsasonable to assume that
the grid might capture more or less electrones than 1t did
in the absence of the weve. Thus the grid current and
collector current would undergo varlations dependent upon

the strength of the elsesctromagnetic wave.

1.3 The Problem

The problem to be considcred is an analysis of the
tube charscteristics. Let us determine the relation between
gollsctor currsut and microwave power input. Then let us
determine the effect of changing the size of the grid
openinge or the traensit time (transit time is changed by
changing accelerating voltage or width oi the wave guide).
Also 1ot us determine the magnitude of discrimination

against neighboring frequsncies.

1.4 Assumptions

It is inevitable in & problem of this scrt that some
assumptions be made. Whether or not the assumptions
involved in this analysis will yleld eaccurate results will
have to be determined by comparing the results to be

obtained with experimental results.
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It witl e assumed that the electrous enter the wave
gulde with a2 distributinon of sidewlse velocities which is
the same as the distribution at the cothode. Further it
will be assumed that the trensit velocity (in the direc-
tion from cathode to collector) is constant except perneps
2t the edges of the gulde. With the TE,, mode the distri-
bution of electric fleld intensity across the guide 1is
& half sinusold and so zercv et the edges. Thus it is of
no great counsequeunce whether or not the transit vsloclty
18 constant 2t the edges as far as intercction between the
eleoctromagnetic wvave and the electrons is concerned.

It will also be assumed thet there exists in the
nelighborhood of the grild no appreciable component of elec-
trostatic fleld tending to attract electrons to the grid
from the openings in the grid. Also the grid will heve
& front-to-~back dimension which esquals or excecd: ’%there
/A~ 18 the velocity corresponding to the accelerating
voltage and.jﬂ is the frequency of the wave to be detected.
Any electrons that have sufficient redius of spiral to
spiral into the grid vanes wlll be assumed to be captured

by the grid.

1.5 lMethod of Attack

Consider first those elecirons whose axis of spirzal
intersects the grid vanes. Those electrons are sure ¢
be captured by the grid,without regard tc the radius of
spiral. If the grid structure cccuvles, scy, fifteen

per cent of tae space in the grld reglon, then at least

- —— i — — e
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fifteen per cent of the total cathcdc current will go to
the grid. There willl be more grid current then this how-
ever, even with qulescent conditions. Electrons are
emitted from che cathode with a distribution of velocltles.
A component of these 1initlal velocities will be parallel
to the cathode surface and hence effective in producing
the oclrcular motion about the magnetic flux lines.
Conslder then an slectron whose axis of spiral passes
through a grid opening. This electron mey or may not be
captured by the grid. We will consider it to be captured
by the grid if the distance between the axis of the spiral
and the nearest grid vane is less than the radius of the
spiral.

The grid opeunlngs will be divided into bands such
that for a glvsn band any part 1s approximately the same

distance from the closest grid vane. Electrons belonging

to a particuler band snd having a radlus exceeding the

everage distance of thils baund from the grid will be
assumed to be ceptured. The remainder of the electrons
balonging to this.particular band wlll go on to the
collector plete. Equations willl be derived so that 1t
can be determined what portion of the electrons belong-
ing to a pearticulor band have a radlus exceeding the
distance of thils band from the grid. When this 1s done
it will e found that the change in radlus for a partio-
ular sisctron depends upon its initial radius, the phase

reletive to the phese of the incoming wave, the transilt
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time, and the input power.
The initial quantity of electrons with sidewise
speeds 1lying between /J% and /g + dlj 18///@)1&/@; where!
-2t
Jg) = Amg € 2777 (1)

For convenience we choose A so that

f /(/z/;)z//y; =/ (2)
(o)

A= ﬁg} satisfies this requirement.

rA

- 2
Hence /M’E): %ﬂéé k7 V% (3)

m = mass of an electron in kg
A% = speed in meters per second
K = Boltzman's constant
T = tempsrature of the cathode in degrees kelvin

By our choice for the constant, A, we can consider
the totel current under cousideration (the current
approaching the grid openings) to be unity. It will be
found more converiient however, to telk in terms of radius
rather then speed. Therefore let us set up & new func-

tion f (/) which will give us the initial distribution

in terms of initial radius, /> . To do this we note thet

S = S, where W, = 2T fo .
3% = natural frequency due to the megnetic field.

lp. H. Kennard, Kinetic Theory of Gases, (New York:

McGrew Hill Bogk Compeny, 1938), page 47

|
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To obtain the function d¢//a , then, we replece /§ by
s in the function g”%?) and multiply the result by «/,
eince dAz= ) 41, end we require

/O;z//z,).%,:/ . (4)

2
2 - mw,
a(h)= %l e e (5)
d A
For futuy;e reoference let us also note that
Ce .
wO 1‘
2 dly = € (6)

By using this last equation we can telk about what

art of the cathode current will go to the grid under

*rj

quiescent condltions. The grid openings will be divided
into bands ae previously described. Some pcrtion of the
cathode current will belong to each of these bands. This
portion will be directly proportional to the area of the
bend under consideration (constant current density 1se
assumed). Since we are taking the total current approacn-
ing the grid openings to be unity the portion belonging
to any band 1s given by the roatlo of the area of one of
these bands to the area of a grid opening. Suppose a
particular band has an area /4;. The current belonging
to this band is then gliven by At/é4t<w1ere‘ﬁt is the area

of the grid opemning.

>

.4
The bend under consideratlon, the (-> is located

g~ -




S ———————

R P

s BT P = P b P v

P

g RS

at ar average distance, /ﬁ' s Trom the grid vanes. From
equation (6)
OO0

2
-4WQ%zzzr
9(%) ah = € @7
/ .
"/ 2
: -l
Thus of the current f//ﬂt a portion(/?t)é
is made up of electrons whose radil axcesd ;£ . This
portion of the current (belonging to the band A ) goes to
the grid. Summing up for all the bands,QP*/), we get for

the qulescent grid current

£ 4 ’/%‘7"1 (7
Leo < Z g 9 .
¢*o

Thie excludes, of course, the currsnt captured because of
the finite thizkness of the grid vanes.

Notice that this procedure makes the total cathode
current greater than unity by an amount tnat depends upon
the cross sectlonel arec of the grid. Thus if the cross
sactional area of tnc grid were fifteen per ccnt of the
total area then the toial cathode current would be

1+i¢7%5'

Let us consider the calculation of the grid current
when an input signel 1s present. We have established that
the portion of the electrons which have a final radius

".1’_‘?0 /7,

exceeding /7 is given by €: for quiescent conditions.

Buppose that in some way we could find the portion of

e a e ————
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electrons heving radil exceeding eny given A for e given

input power and frequency. Then let differences bettagen

between these velues and the velues gilven by € —%‘*‘”; !
Let these differences be denoted &, where & tells us
the increase in the portion of the electrons that havs
radli sxceeding A . By using reasuning similer to vhat

we used to calculate the grid current for qulescent condi-

tions we get for the increzse in grid current

f
Al c-
AL, = Z 7}5‘ : (8)
(30
The problem remeins to determine what portion of the

electrons have radil exceedlng a glven A after passage

across the wave gulde. This willl be a toplc for contlinued

dlscussion.

In order to solve thls probiem let us determine whet
chenge in sldewlse speed takes place as an electron crosses
the wave guilde. This chenge in speed divided by W, will
give us the chenge 1n radius. VWe know inltielly what the
various redil are and what portion of the electrons lle
between any two given radil. Thils informetlion we have from
the distribution function 3(%5). If we can 2stablish a
formula that tells us what the change in redius 1s for a
given set of 1initlel conditlons, then we can establish a

new distributlion function. If thls can not be done con-

veniently analytlically then 1t cen be done numerically.
Let giroups be formed, each group contalning elsctrons

with nearly the same radil. Since we know 1nitizally how
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many electrons balong in each group, we can re-distribute
thess electrons into thelr proper final group, providsd
we know vhat ochange in radius has taken place. Any elec-
troue which don't fall clearly into one of these final
groups can be divided vetween twc adjecent groups, inter-
polating on the basis of the change 1n radius.

We cza then eey what portion of the elsctrons have
radll exceeding 2 glven A5 . Ada up all groups contain-
ing electrons with redil =xceeding /&" and this will e
the answer.

The method of attack has now been described. Let
us consider the problem of 1inding the change in sldewlss
apeed.
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Chapter I1
THE DIFFERENTIAL EQUATIONS
2.1 Setting up the Differentisl Equations
Let us set up the . Afi‘,
* Nsewere rivx
differential equations T nre parer.
y ” A »
from which we can PR x
determine the final sidewise speed (and hence radiue).
We start with
K = 8€7% snd Fu= -Beax ~EyC .
K = x~-component of force on an electron, newtous
F7 = y-compounent of force on an electron, newtons
@ = charge of an electron, cculombs
B = magnetic flux density, webers per square meter
F‘j‘ = electric fileld intensity in y direction due to
TE ,0 wvave
m = mass of an electron, kilograms
8y = acceleration in x direction
8y = acceleration in y direction
Hence = Beny and = -8ek_E.€
x m By="S5 -2

Since Ay = % X and d:(z .:7(-(_ /7/},’ we write

ans . BEMy end Ay _ _ Bewms (9)
@t i =

—— e
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By solving equations (0) for /K end ﬂ? we get
AF-L RN ALY
and & e (10)
= (G R
By differentiating the first of equetions (10) we get
g = L AW (11)
ﬂz @ AT
By differentiating the second we got
/ 2
4//1/' (__ ALy ._’— 4‘_/.”%) (12)
aar AT Wo ot :

We can obtain equations in #xr elone end /Q; alone from

equations (11) and (12).

g (& EE )

= > AE* (13)
. )L dE L, Ay

Ty = (5o 4 T & i) (14)

These con be written as follows:

1 b(

orw )= - % Ft (25)
2 2 - __ﬁé Ali;#

(Of-a)o)ﬂ/% B I (16)

l~&~—-+mrxmn_«n:
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The exprassion for E} (TE,D mode) is
= = = 1 e oo

where 7, is the width of the guide.
If we essume & uniform velocity of trensit across the
guide 1in time t = 7 then ?’-‘—' ﬁ?f at any time t.
Hemoe £, = £y dinlZE) den wl (18)
naenac A..# 0 ‘//v/ ALV . ¥ 4

rlso ALy = o (), ET o wl  (19)
£0 Zé_y E;wm(y)wwtvt_?w@tjww \

We are not necessarily restricting () to be ths same &8 @,.
If we expand the product of the two sine terms in the ex-
pressisn for B? and the product of the sine and cosine
terms in the expression for ﬂ% we obtein the following

=~

results:

Ey = & wlw-51¢) - B2 ord (fw +5TE) o

%fg‘: 5;“744;,(Ea+§]t) - E;ij(/:‘" ZJT) (21)

- BT 4 (v 518 + S an(0-312)
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Using these last expreseions we re-write eguations (15)

and (16) as

3 ‘ anL -
O+ w”) s = t%_ng([w—?]t} = 33”04(/[‘”'{;]1‘) (22)

and

/D 2*1007',) 4{:‘7 I “?L%%’—?%M{[w 7"‘—0,7-7-.]/7%} (23)

+ QEET) o (10T 14)
287

2.2 BSolution of the Differential ILcuations

For the particular solution of aquation (23)

= ( an (ot ZIE) + [, et (w+Z 1)

5 S i)
+ (3 w([zu-%JZ‘J + Cy et (-Z718)
By differentiating this expression and substituting into

eguation (23) ws find
Wy Eo (Wj?‘ 7/-1

c - e N
- 267wy - w*- TeLET]
0/,
C2 =0, (25)
p— )
e Wo (WIZT 2 .
= e i
> ‘/R/)’r/)’-/nz MJ-F 7 e
KR d [ Yy ~H + T 7T 4
C4 =0
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Ths complementery solution is

/v’{;;"" Usden W)= + by tod WXt (26)

The boundery conditions are
g = My den a8 X0 (04 « < 340°)
% = =N K =y, i T LD

| 4
s
b
; o
¥

; 4

It foilows that

o5 = mpwik =G (VBT) - L (WET)

- g (28)
C6 = /4/; ,41'/7‘9 o,
The complete solution 1is

~

[~ . £ (wirT)” e o ElwieT)? :
4// = /VMJ( - 2 = -~ ” T - '1 — e o
? [ 4 25.7 [ﬂ’.'ﬂ) - g_]‘;_r.éi?rj ozgf[ajo-wf:ﬂ:a;{”ﬂ:/ h%t

B Tr T R WP Pmmnmyr v e

L Rl

: . _a__n_Q—l-—-—-————z7°
: + Wy dun o 4od Un Z%gg;é;ﬁ;ﬁisz{fTJﬁjAﬁazﬂﬁaf%EZty (29)

- +lf Wk, {a){:;fiw,_,j] din (fw-Z]2)
&‘ 287 [wy-w+ =
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By a similar proceses we can solve aguation (22}.
The boundary conditions are
M= Wy tpd L at £ = O and
/ ¢
) 30)
%3 L()o/V' /\L’/L’( at x‘—'o . '
The complete solutiocn is
Wi = Ny din o i Dy
- .
E W + Wa
+4rma<-—1—-‘;——""“* —E= = ]ma)r
Z’ 26l 0-T | 25[)—w+—”-‘x1] ’
£ w.* ] I
¢ [ Lol ed ([t Z]%)
[28[w>w -':-“’—1-77
(31)

In our problem the electrons will pass through several
hundred cycles before traversing the wave gulde. It should
not meke much difference in the finel =snswer, then, i1f we
were to add or subtract from the final electron speed a
vortion equal to that gained or lost in a fraction of one
cycle. This will be the justification for adjusting the
transit time,(7 s B8lightly in order to simplify the soqua-

tions. Ve are intersested in the final spesed at time

t= 7.

A i e B - - : ——— Rl S Ny E =
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Let us choose 7 so thet slnwy =o . Then if we
couslder only those frequencles, %%% » Tor wnilch
Bin w7 =¢ , we must have wJ =AT {(kx an integer).

For the speclal case =y

oo%JV = M

From the last two equations we have

= Zk . {
w == We (32)
By restiricting our discussion to those frequencies for

which Bin 4#J=0 we obtain for /f and/y? at time t = J

the following equations:

r 2 2
="y o o = - 5‘0‘ e 5"}0; 7
- Wt~ 2] g LT ] (33)
[ Bt -V . 7
“)“(/) [_/:76[,1“; 27%.7;‘? ;5[2”“&) f‘/ J

and

”

il
s

.

———— e
e
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Since 77w/ J will be around a thousand timcs the
2
slze of 7 let us neglect 7 by comparison and further
sinplify the equations. Also let us eliminate & by

using the relation 8 = o to cbtzalian tue followlng equa-

c
tions:
E.CW» ELC W JZ

iy oL - T T4 S

/Q7~ (//1é;¢ZN’ ZMW[;)'Q) %¥g] zwjk&&ﬁ91+'4z?j
35)
,@[ LD _ Ll

O] g Wt ] amfw)-wt- T
ani
/Ty = C1)"; b X (34)

Because of the restrictions we have placed on the
Trequencles to be discussed we can eliminate (O freun equa-
tions (35) and (34) and talk in terms of &, , n, and k.
Replecing /) in equation (35) by ./é- W), we obtain

e S
e e

) _ Sty 7,
= E1)7 et o + EoC W, 7
Ty (-5 ) - 2L ] - B v 22 \

(36

,&f"E;fQA . - - DXL j]
+ t) [gm[%z(/. %,,/ +5/%5)i7 ,,?/r[&/z(/‘ .]

Lot us denste eauation (36) as follows: \

= \/—,/,)”7//5,’4'/%0( -+ /5/”7/ k). (37)
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In equation (36) the expreseion

£, €W - Eoe (Us
2 s (o T 5
G A A R

can be written as

I
- /09 , F

EoCls — . =
e T B |

We wish to investigete the behavior of this last

bracketed expression es a function of k because it will

tell us how XS varies as a function of frequency.

- 1!.7.7-9.’(/}:
1 / ) 7y
- 2 ZpL 42
a/l(/_&:-}_{_ Xﬂ'ﬂ'wa 7.«.// &_ I 277*4‘}0 //I‘;{/a&-‘.)%- qu/q’a]o
o \/ m* Ny o %/ “or A Tt
Since this expression has & value ﬁ%&, for ¥ = n let us

divide the expression by ﬁé&% to obtaln an expression
wnlch will give us the retlo of the value of the origineal
exXpresalon to 1ts value at k¥ ® n. Lst this new expression

have a name, 2:y, F(n,k).

—W-%UJOL /
.,// ﬂr_ 47] -
/'(/7)«&/ LJ//&'}Z 5‘f/4ﬂ)o Wfl(%_+/n3‘ Z&)
o\t oom /}70’ PRy 517-1,

Now n and ./ arc not independent.

. A . = 2T 7= AT
n = = -Z/pf ..;2—-;7_ and so [/ = A
Yo
Hence F(n,k) = /
N3
& _ 2 ZL-+- -2%%4)
M 4l k 7 ; (38)
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Let us change *he foim of equaticn (36),.

a— 5 r /
. )n [ n [ SeCWs = —
ﬂ&" (/.) /V(,;[MK +(’/ 2 Jb’ol(/—éﬁ—"}-"- 2‘/7”7?;/0

- wa// mw } +(//&/[E‘,Cw][ I(/’L)f'z.i“”

T

a= C1);  + )T EED L Fin k)

T

+ (-)A' iif[uo.—i-— Fin k)

M = (-1 )5 e < # [0l (-, "7 ;:(,,7//4-/ (
3G)

In equation (37) we denoted /J/y as
A = 1)y era et F ,5/47/%/'.
Hence by sgquation (39)
)= [ e AT L F il k)

/6/?7_; j’[ AT 7/ e {40)

Equation (34) is
= /)75 dene,

Equations (34), (37), (338), and (40) constitute the solu-

tlons to the differenticl ecquations 4in i'inal form.
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Chapter III
PRELIMINARY CALCULATIONS

3.1 Calouletion of _AA

Let ue begin consideration of the important special

/22

’.
a7
18 not equal to the natural frequency wlll be considered

case where n = k (nr W =Wp ). A few cases where

later. For simplicity let n be en evsn number. As noted
previously this introduces an error in the finzl speed
which corresponds to energy gained or lost in a fract:ion
of a cycle and hence should amount to & fraction of one

per cent. Equations (34), (37), (38), and (40) give

~ Led

U = Ws 24 £+ 2= (41)
and

ﬁ,@’= Vg dan < . (42)

The resultent speed 1is

Vil R (43)

Hencs the resultant radiue is

—

A= g eyt = )R,

(]

The change in radius 1s 2

M= =S =;/(I'—£Z)z+ )" =1y . Sl

Consider an exanple: ¢

/,n/" ) =
vet fo = (7%0,) = 10™5 neter

ol = 450
/5 = 6 7 x 10* meter/second
Uy= 27T = 3 x 16° radians/second

i




e

Then = 4k x 1075 cos 450+ 6Tx ic* 2 10-5 ¢os 4594 1075,
wa [’UO
i -5. o
’_ﬂﬁ‘. - Whx 10 sin 45° o -5
= - Z 1072 s8in 45°
Wp We Siniae
AZ = 1,707 x 10~5 moter
JAZN
fZi = L7007 x 10‘5 meter
We

/ 12 4 S /A-.$_
VAV //ﬂ (%} 1///,,.4,‘7 /?(/70/74/03,. =Y
Al = (1.85 - 1)10'5 = .85 x 1072 meter
Let this be interprcted to be onz point on a curve of

M(/,jvglﬁj versus /75, for fixed values of o and < -

It mey be for certain combinations of /4, , X , and ped

thet A/ 1s nearly independent of ./, . Thet thils 1s so will

e

be shown as follows:
R R A Ly Tk
SV = Wy e 2505 e <45

It fG << W5 Lod X then

V22 Yoy 2 2805 209 X
The quantity on the rignt hand side car be expanded

the binomlal theoremn.

m_. 2 ﬂ/” > ’7/6/&;/&#7'0(7‘_ 2oy,

by

A
Hence
A S e K
end N X BaK L - LolTasdL (4
;’/{/70 7/7‘77 (;(/0 :

o s

—— =

'
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3.2 Calculation of 5[

¢ have established a2 numerical approximation to the
signal current at the grid, namely,

AZg = f 4 g (8)

[ Ar

In setting up this formula we considered the cathode
current spproaching the grid openings to be unity. Hence
the signal current at the grid given by this formula will
ve some fraction of thils unit current. 1In section 1.5
we defined /4,', ﬁlt, and 52 Ve will calculate a set of ¢
corresponding to some input signal pcwer. A set cof /‘?"i o
be easy to calculate. From thesse we can obtain one point
of a curve of signal current versus iInput slignal power.

The equation for AL is

/ 72
s YRS o (B )T — (45)

M=Mjmx HE ey anx) — Mo (47)

From this last ecguation we se22 that A/’ is & function of
No s A, ana ’%} . We will hold 4/, constant and thus
conslder operation at a Tixed magnetic Tiux deusity.
Electrons leaving the caothode will heve various values
of /fa , as given by the distribution function g( /» ).
As the electrons are emitted from the catnode the side-

wise component of velocilty may have any direction. Each

 rr———— e
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direction corresponds to a value of o{ . Thus the elec-
trone are rendomly distributed with respect to &« . The
remeining peremeter is ’5/:, . The relationship between

A and input power (end heuce between /5,’/“)0 and input

pover} will be shown next.

From the solution of the differentiel equations

. TmpB
E; C‘j" - (48)
Input power and E, are relcted as follows:
2
FarE, . (49)

It follows that input power 1s dirscily proportionail

to {/%0/’% The constant, K,, depends upon gulde width,
helight, and signal frequency. Let us therefore plot
signal current ageinst /%;a . For any special case., then,
/34(), can be expressed in terms of input power.

S8ince the electrouns ere randomiy distributed with
respect to o we wlll divide the initisl electrons into a
number of parts (ten), each part heving en average value
for «£ . We choose vaiuee of 9°, 279, 45°, 639, 51°, 990,
1179, 1359, 1530, and 171°. It will not be necessary to
use values between 1800 and 360° since A7 for = & is
the seme asd/f for £ = =& . Eeaca of these parts will
contain 1/10 of the electrons.

We next construct a femily of curves of AX versus /

Q

for /%]o fixed and < taking on the values given above.
A sample calculation has been previously given. The

choice of a suitable value for /%a is & matter of triel

b m—————-

R iy o gy b



it
e et e —y N

e . —— A T

ey PP T T

24

and error. For one choicoe conslder,é%% =1075( S =6 Tx 10*
a]o = 27Tx 3 x 109). The wey in which these curves ccn be
used will soocn be explained.

First let us ccnsider some figures in regard to the

initiel distribution of radii. Since
2 2
N 'mwo/
P A 0
“ 7)) - /”/____Qjo ”a 6 S (5)

2.
2 )

2

[gds= € T €5

A f/ W s = ’ (50)

This last expression glves the portion of the electrons

whose radii lie between .7, and /s . Suppose T = 850°¢C,
& typleal velue for & cathode. urther suppose that

/7/ = .5 x 105 meter and /Zz = .75 x 10 . Then the por-
tion of the electrons whose radil lle between these

1imits has a value:

-.261 é -.5873
6 = L7695 - .5550 = ,2145 |

Thus 21.45 per cent of the electrons fall in this cate-
gory. We construct the following table of electrons

whose radii fall in groups of width .25 x 10" meter.

—-—
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Table 1 -- Initiel Distribution of Electrons

A x 105
centepr

value .125 « 375 .625 875 11.125 11.375 | 1.625

Decimzl
vart J0634 | L1671 | .2145 | .2045 | .1560 |.0995 | .0544

/% X 105
center
value 1..875 2.125 12.375 | 2.025 | 2.875 |3.125

Decimal
part .0253 .0103 | .0036 | .0010 | .0003 | .0001

We are now ready to begin use of the curves A/
versusA@ . Conslder on example: from the table Jjust
constructed 21.45 per ceunt of the electrouns belong to the

rouvr centered OH/%? = ,625 x 10°2 meter. Of these
electrons 1/10 correspond toeX = 9° 1/10 tox = 27°,
etc. Consider the 1/10 for whiche¢ = 45°. Looking at
the curve of 4/ versus/p for« = 45° we see tnat if
4zy= .625 x 10°C meter then 44 = .88 x 1072 meter.
Let us begin the construction of & teble showlng the dis-
tribution of fingal rndii.

Tebie 2 -- Finel Electrons with Radii in Groups of Width

.5 x 105 Meter {Excepi the First Group)

¥

O ro .28 0% 125 vo.159000" (75 re 1259005\ (125 w57 xre.

g - = o2/ ¥4 85 =

- - )

I R :

| ——
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Since for our example ,¢2 = .625 x 1072 and 44 = .28 x 1079
meter the finel redius,f, = .625 x 1072 + .80 x 1072 =
1.505 x 10™2. The gquentlty of initial electrons, namely
1/10 x .2145, which originally had radil lylng vetween

.5 x 1075 meter end .75 x 102 meter have had their rsdii
increased after crossing the wave guilde and now fzll 1n o
niéew group a8 shown by the table. Initlal electrons which
don't clearly fall into Just one of the final groups

( suppose final/f = 1.25 x AUGTE meter) can be divided
between edjacent groups. VWhen thls work 1s carried out

the followlng reesults will be obtalned:

Table 3 -- The Results from Table 2

Flunal groups Portion of tntal
in terms o. radius electrouns containecd
O to .25 x 105 L0664
( .25 tc .75) x 10-5 L1753
( .75 to 1.25) x 10-9 L2671
(1.25 to 1.75) x 10D L2827
(.75 to 2.25) x 10-5 L1401
(2.25 to 2.75) x 10-5 .0499
(2.75 to 3.75) x 10-° .0093
(3.25 to 3.75) x 10-5 .0011
{3.75 to 4.25) x 10~ .0001

From this table ws can construct another table which
shows the portion of the electrons which have radil exceed-
ing any glver A .

From the bottom line cf the abeve table we see thet

-y
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a portion .0001l have radil exceeding 3.75 x 10”5 meter.
By adding in the electrons from the nexti group sbove this
one vwe see that a portion .0001 + .0011 = .0012 have radii

oexceeding 3.25 x 10-5 meter, etc.

Table 4 -- Final Electrons with Radiil Exceeding /ﬁ~
( Aws = 1077)

L V0 Decimal part
0 .25 x 1072 . 9346
1 .75 x 10=D .7593
2 1.25 x 1075 4022
o 179 . 2095
4 2.25 .0603
5 2.75 .0105
6 3.25 .0012
T 3.75 .0001

We have already establlished thet the portion of

initiel electrons with radll exceeding euny glven Aﬁ' is

_ i ES " &
given by CC —"22/,«7-/" . Ve now calculate a2 set of 5‘,'

by the method outlined in scction 1.5.

Table 5 -~ A Set of §¢

8o = 9346 -(f@%%;(°25X10-5)L= L0346 - .9366 = -.002
§1 = +T593 - .5550 = .2043
5é = 04922 - 1945 = ,2977
53 = .2095 - 0406 = .1689
5@ = .06C3 - .0050 = .0553
§5 = -0105 - .0004 = .0101
§¢ = <0012 - 0 = .0012
57 = ,0001 -0 z .0001
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Consider a grid with openings 9 mils square. The
following disgram should explain 1tself:
A
! 4
aeh AilAs .
Pl Hl \")§
* S
' 3 =
= X N
o 'S
e
= .
5 = R
i I 'Q
' ?
‘ =
&
i | l
4
_5 2
| Ae= total area = (22.86 x 10°) = 522.56 x 10710 ag, meter
¢
_s‘ Table 6 ~~- & Set of A/
5 y 0 1§ 2 3 4 5 6
Ar x1010 44,72 Ta2.72 1 40. 72| 38.72 [ 36.72 | 34.72 | 32.72
4' 7 8 9 1 11 12 i3
A: x1010120.72 [ 28.72 | 26.72| 24.72 | 22.72 | 20.72 | 18.72
' ( 14 15 16 17 | 18 19 20
Ai x1010[16.72 | 14.72 | 22.72] 10.72| 8.72| 6.72| 4.72
f i 21 22
: Acx10-V] 2.72 T4
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Chapter IV

CALCULATION OF SIGNAL CURRENTS

4.1 Celculation of Signel at the Gri

o}

/
= £ - (8
Afg. Ar 2/4( é-t )
Examples have been glven for calculating Aﬂ‘and é& :

Using the results of thess exanvles:

4(_\,50 = -.0894
A1é = 8.7277
Aoy = 12.1223

Az&s = 5.5398
i

= 2.0306

ﬂ55r = . 3507
Ass. = 0393
A7é; = -0031

2 4‘- Se = 29.724

7 g AicSc = EZT5 = 0569

(x0

Thus for & grid with openings © mlls square and &a
power input correspouding to»é%%ﬂ ].O"5 there wlll be an
increase 1n giid currsut over the guiescent grid current.
The amount of this increzase is 5.7 per cent of the cathode
current which apoproaches the grid openings. If the in-
crease were expresced as & percentage of tne total
cathode current, then the number expiessing this Increase
would be amaller. Thus if the grid structure had a cross
secilvual airca ten per cent of the total area then the

increasn would bo: 5.7 x 100%
1+ 1-.1

5.13%

e == Y

™

»y
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4.2 Calculation of Signal at the Collector

The collector current plus tano total grid current
minus the portion of the grid current captured by the
finite thickness of the grid equels unity. Thus if the
grid current increases the collector current decreases
by the same amount.

We will find i1t convenlent to express the decreass
in collector current as a decimcl pert of the qulescent
collector current. This will gilve us 2 flgure independ-
sent of the thicknesas of the grid vanes. Since the por-
t1ion of the grid curreut waich 1z captured by the finite
thickness of the grid vanes never has & chance to reach
the collector, 1t can not cause any percentage change 1n
collector current.

As expliined in the scction 1.5 the quiescent grid

P 5 r A
current 1is £ - NWo /I,
_L < #-L 25T
ﬁt 4’_ [N
de]

rlus the current due to the finite thickness of tue grid.

Thus the gulescent collector current 1s

2.
0ﬂ“%,ﬂ

ANT A
.L-Co /- /4t - /; é . (51)

0

Evaluation of this expression for our previous example

glves
Ico = 0856 s

Thus the grid signal of .05569 represents & decrecase In

collector current of :856 x 100% = 6.657.

e —
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e

4.3 Relating ﬁéza to Input Power 1

Suppose that the wave gulde dimensions are 1/8" x

W

and that W), = 6 Tx 109 radiens/second. These are values
for a tube to bc bullt at the Unilversity of Colorado.

Further suppose that for an average electron the transit

time corresrcnds to one slectron volt energy. For the

trensit time, J , then: -
Jz 52 //37?‘. _ 3.0 4/2 x 1.6 x 10719
T 39377 m = 39.37/ 9.03 x 10->1

= 1.28 x 10~7 second ,

For a terminated waves gulde:

— Wl l'p /

£ =2 4}[%4£?ﬁ]"‘ (52)
f, = cutoff freg. ( Ac =AY, 7, = 377 ohms, a = guide
width, b = gulde heisht, end f 1s the frequency of the

wave.

For our case this glves:
2
12.1 x 1078 §

Algo since E,¢7 - }g .E; = Zﬂé
=m / o

B

"

_ Tx9.03 x 100t 4
1.6 x 10719 x 1.28 x 1077

E,

= 1.387 x 10'%/5

© am—————————
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Using the relztions P = 12.1 x 10-8 E;a end B = 1.307 x 10‘4x5

we construct

the folilowin

Table 7 -- Input Power Versus %iébb

32

8 meters/sec | 37x10% | 67x10% | 12rx10%| 187x10%4| Z0o7x10%
A$4;% meters .5 1 2 3 5
P milliwatis |.0208 | .0825 | .331 .621 2,08
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Decrease in Collector Current / Juiescent Collector Current

Figure 4 -- Decrease in collector currept / quigscent
collector current versus &/ x 10°.
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Increase in Grid Current / Cathode Current
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Wave Guide 1/8" x 3"

W= O = 6 x 167 radians / second

Cathode Temr. = 1123°K

Blectron Transit Velocity A 1 Volt

v

Decrease in Collector Current / Quiescent Collector Current

.01 .1

£ in H11liwatts

versus vower in milliwatts,
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Figure 7 -- Increase in grid current / cathode current versus vower in
milliwatts,
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Chapter V
FREQUENCY LESPONSE

5.1 Frequency Responee

The solutlions to the differential equations were

pbtained as e = ( W5 tod 7‘/6’(//7/ /4'/
,7/’#'-? =1)7 W5 der- X
and
Sink)= B [CIHEDA] oy 4
/
.._(/)7})‘ _ _L(ﬂ_ 12’.3 741'4) '

Let us investigate the effect of a slgnal differing in

where

freguency from the natural frequency of the tube. At the
natural freguency k = n., If we let k¥ = n¥ 2, say, then
the frequencies being considered differ from the natural
frequency,zfo » by en amount z 2,/)”%- + In order to hold
the abeolute value of /5 constant, and hence the tube
output constant, E, must be lncreased as the absoliute
value of F(n,k) decreases.

Since input power varles as the square ol L, ¥ 18

directly proportlonal to

{ [i-1)% é/)‘.l F(n, k) /

Actualily in the souation P = K, Eaz, K, 18 a functlon of

irequency, but the variation with frequency 1s slow enough
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that 1t will be noglected,
Suppose n 1s even. Then for all odd valucs of k,
P =< ., Because of space charge effects, however, and
because of the Inltlal dietribution of velocitiles of
enlssion, the transit times for different electrons will
vary. For an electroun with a different trausit time
P = 2 will correspond to a different sct ol froquencies,
For & and un both odd, or both even, (-1)M(-13% =1

2
end P is directly proportional to (FTEAFT) .
, ES

Lot us construct & frequency resronse curve through
these inst pointa. Then, 1f we ocessume thet a sharp fre-
quency response is desired, this wilil be & counservetive
response curva,

Let ue continue the specinl case begu~ in ssction
4,3,

Wave gulde dimensions = 1/8" x 3"
Ub= 6 x 10° radians/second
J= firot .707 x 1.28 x 10”7 second and then
1.28 x 10”7 sacond and then l.anaﬁg 10~7 socond.
These values for.7 sorrespond to 2, 1, and 1/2 electron
volte of energy.

Elvctrous with these transit times will Le pruseuai
ir the tube being considered. The curves to bs obtained
mey prove useful in case the tube should be modifled to

change thc frequeuncy response characteristio.

.
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Evaluating (F(';rl—k')'/ for the cese
Lig |

j’: STOT %X 1.28 x 107 second the following results were

obtained:
7%102
n =26y =2x (—5%%3- X 707 x 1.28 x 10°7T = 544
Table 8 -- D.B. Input Versus (f‘fo)
—— l
R |5ud |59 |54 |550 | 552 |S54)\566 15581510 1520
__._..I 2 2 2 2 2 2 2 2 2
F/”M/‘{ /|37 /5 |357|437| 9711437195 LasE (323
p.8. /:vﬂur:l
A /F(tk)] O |95¢)a235 309|380 0.0 |43.2|458 |47/ |50.3
;{- ,,’,VL 0 1103 \2200\33.004%2 55454l 18| 722 (8024 M7

These last resgult

e r————

the other two values
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Chapter VI
CONCLUSIONS

6.1 Discucsion of Results

It will be observed from the curves of signal out-
put versus input that the signal outvut 1s a continuously
increasing single valued functlion. This will be a
desirable charecteristic for a detector. Also the glope
of the curve, collector current versue 47, , on log log
paper is about twe £5r low input power. Both of the a2hove
results are verified experimentally. Experimental results
are not svallable to my knowledge, however, for the higher
input powers. Ionlzation by high energy electrons msy
consliderably alter the tube characteristice in this region.

The megnitudes gilven for the signsl current are
probably correct within o factsosr of two. This is indicated

by data taken on a tubc of somewhat different design.

enealysis ere of some lmportance. Since there are actually

components of electrostatic field near the grid which

attract electrons ts the grid, the effective grid opsniling
is probably somewhet smaller then the actual grid opening

{on the basis of this enalyeis). Also the wire mesh near
the cethode {this neme to distingulish it from the grid)

changes the initlel distribution of radil scmewhat.

138
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As the grid sizes are reduced the per ceunt change in
ccilector current for a given input power (ot low power)
c~milnues tc increase for all grids here considered. How-
ever the avnsolute value of the change reached a maximum
for & grid size cf around 1.75 mils where grld area was
neglected. When grid area 1s not neglected the optlimum
slze fcr greantest abhsolute change will be somewhat differ-
ent, depending wupon how thin = grid wall cen be produced
for the small grid sizes.

The freguency response curves predict & sherp response
for this detactor, tne response belng shorper for slow
electrons than for faster ones. By adjustment of the
accelereating voltage and by design of the electron beam

some contrel over the frequency resvonse will be available.

PP
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6.2 Nomograms

& gilven tube two nomograms are here included.

From the equation

B, _
£o = | oL 7T *
1t follows that P = X, Ey°
Since  E, = Z’é—"?/;«é )
f:)= Z¥g§§;¥:53L = /(}f§%

The first nomogrem will relate X, , K;, and J in the

equation

- KT m”
/(2 e

242
~

The secound nomogroam will relate P, X,, and AF in the

2austlicn ) /?2
T g~k

A ———— e - e ————— S
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Fipgure 16 -- Relating P, X2, and £ in the equation P = Kgﬂ
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